Abstract Cochliomyia macellaria (Diptera: Calliphoridae) is known as the secondary screwworm because it causes secondary or facultative myiasis when the larvae feed on necrotic tissues. This fly has a significant medical and veterinary importance since it has been reported to transport eggs of Dermatobia hominis (human botfly), which can cause significant economic losses to livestock. Since this screwworm has been collected colonizing both pig carcasses and human cadavers, it is considered one of the most important species for forensic entomology studies. Scanning electron microscopy (SEM) gives detailed information on the morphological characteristics which can help identify the immature forms of the flies. The aim of this study was to describe and analyze the morphological characteristics of the eggs, all the larval instars, and the puparia of Cochliomyia macellaria using SEM. The egg is ellipsoid and the dorsal surface is concave. The islands inside the median area had no anastomosis, but some perforations could be observed. From the second larval instar onwards, besides the intersegmental spines, other bands of spines were observed at the abdominal segments. Two spiracular openings were visible on the first and second larval instars, which were not expected. These characteristics are specific to Cochliomyia genus. The number and the general aspect of the spine tips in the cephalic region, the intersegmental bands on the abdomen, and the number of the spiracular openings could together help identify C. macellaria.
Introduction
The Calliphoridae family is composed of species with a great variety of feeding and development habits. Immature stages can develop in human and animal feces, putrefied meat, garbage, and other substrates (Queiroz et al. 1999) .
The genus Cochliomyia Townsend (Diptera: Calliphoridae) is endemic in the New World, and it is represented by four species, Cochliomyia hominivorax Coquerel, 1858; Cochliomyia aldrichi Del Ponte, 1938; Cochliomyia minima Shannon, 1962; and Cochliomyia macellaria Fabricius, 1775 (Guimarães and Papavero 1999) .
Cochliomyia macellaria is known as the secondary screwworm because it causes secondary or facultative myiasis when the larvae feed on necrotic tissues (Guimarães and Papavero 1999) . This fly has a significant medical and veterinary importance since it has been reported to transport eggs of Dermatobia hominis (human botfly) (L. Jr, 1781) (Diptera: Oestridae), which can cause significant economic losses to livestock (Grisi et al. 2002) .
In Brazil, besides C. macellaria, only C. hominivorax of the genus Cochliomyia Townsend is found (Guimarães and Papavero 1999) . The general aspect of the immature forms of these flies and the lesions caused by them are very similar, so it is essential to be able to identify them correctly. C. hominivorax is one of the most important parasitic diseases of domestic animals in South America, especially in Brazil (Anziani et al. 2000) .
According to Erzinclioglu (1989) , some species of flies are found on dead bodies and their larvae can help to determine the postmortem interval (PMI). This screwworm C. macellaria, as some others, could be useful to determine the PMI in forensic cases. However, Owings et al. (2014) described the increase in pupae size of C. macellaria collected at three different ecoregions in Texas. These authors proposed that environmental conditions could influence puparia and adult size. The influence of abiotic factors at immature development should also be carefully considered to determine PMI.
The immature forms of the family Calliphoridae are very similar, and this screwworm fly has been collected rearing on both animal and human corpses, together with other Calliphoridae maggots (Barreto et al. 2002; Gruner et al. 2007; Velásquez 2008) . The insects collected rearing on carcasses are the immature forms, so the correct identification of these insects is very important to help entomologists estimate the postmortem interval. However, since these insects are usually preserved in ethanol, when collected, they cannot be reared to adults.
The screwworm C. macellaria and the blowfly Lucilia cuprina were the major species collected from a pig carcass in Temuco, Chile (Ortloff et al. 2012) . Other authors have also related this fly colonizing animal carcasses (Biavati et al. 2010; Catts and Goff 1992; Oliva 2001) and also human cadavers (Oliveira and Vasconcelos 2010) . Skoda et al. (2013) used random amplified polymorphic DNA-polymerase chain reaction (RAPD-PCR) for interspecific and intraspecific identification of C. hominivorax. Besides RAPD-PCR, some other molecular approaches have been used to identify diptera and other insects, such as barcode (Hebert et al. 2003; Nelson et al. 2007 Nelson et al. , 2012 . Molecular biology techniques do not require the whole insect to be done; this approach is relatively cheap and fast. At the same time, there are few sequences available at data sets, mainly at Brazilian forensic species. Besides that, molecular biology results are not related with the developmental stage. Light and scanning electron microscopy, at this case, could provide better results. Florez and Wolff (2009) described the immature stages of C. macellaria using light microscopy but only provided drawings of the general aspects and the cephalopharyngeal skeleton due to the visible limitations of this technique. Liu and Greenberg (1989) pointed out some characteristics of the immature forms of this New World screwworm. However, scanning electron microscopy (SEM) could provide a more detailed characterization of these maggots (Mendonça et al. 2010 (Mendonça et al. , 2012a (Mendonça et al. , b, 2013 Liu and Greenberg 1989) .
The aim of this study was to describe and analyze the morphological characteristics of the eggs, all the larval instars, and the puparia of C. macellaria using SEM.
Material and methods
All the immature forms examined in this study were obtained from a culture derived from wild C. macellaria collected using liver bovine and putrefied meat as bait in the city of Macapá, Amapá State, Brazil, according to Barbosa et al. (2009) . The colonies were reared and maintained at the Setor de Entomologia Médica e Forense that is part of the Laboratório de Transmissores de Leishmanioses, in the state of Rio de Janeiro, as previously described (Queiroz and Milward-de-Azevedo 1991) . The insects were kept in cages at room temperature and supplied with water and sugar ad libitum. Protein in the form of bovine meat was given to stimulate oviposition, and the females readily oviposited on this medium. The new generation was reared as described earlier, and immature stages from the third laboratoryhatched generation were used for this study. Eggs were washed in 2 % sodium hydroxide, and later, eggs, larvae, and puparia were washed several times in distilled water. Larvae were killed by placing them in hot water for 5 min. Eggs and larvae were fixed in 2.5 % glutaraldehyde in a 0.1-M sodium cacodylate buffer, pH 7.2, for 1 h and postfixed in 1 % osmium tetroxide in the same buffer for 1 h at room temperature in the dark. These immature forms were washed with sodium cacodylate buffer three times for 10 min each. Afterward, they were dehydrated in an ascending series of acetone up to 100 % and submitted to the critical point drying method, using superdry CO 2 in a Balzers apparatus (Hayat 1970) . Specimens were placed on metallic supports, coated with a thin layer of gold (20-30 nm), and examined under a Jeol JSM 6390LV scanning electron microscope (Akishima, Tokyo, Japan). The SEM images were transferred directly to a computer.
Puparia were not submitted to any kind of chemical fixation. Puparia were put under refrigeration for 5 min, and then they were placed onto double-stick tape on metallic supports, coated with gold, and examined under the same SEM. Ten specimens of each immature stage were analyzed. The terminology used in describing the morphology in this work followed Margaritis (1985) and Mc Alpine et al. (1981) .
Results

Eggs
The egg is ellipsoid and the dorsal surface is concave (Fig. 1a) . The eggshell is smooth and the average size is 1.31±0.06 mm long and 324.33±51.5 μm wide. The anterior region is slightly tapered compared with the posterior end, and the median area is continuous along the egg (Fig. 1a) . At the anterior region, the median area reaches the micropyle in a "Y" shape (Fig. 1b) . The micropyle is an orifice with some projections around it (Fig. 1b) . At the posterior region, the median area ends tapered (Fig. 1c, d ). The islands inside the median area had no anastomosis, but some perforations could be observed (Fig. 1d, e) . The chorionic cells exhibited a hexagonal pattern with thin edges (Fig. 1f) .
First instar larvae
The average size of the larval body was 1.79±0.23 mm long and 230.19±98.01 μm wide and is composed of 12 segments (one cephalic, three thoracic, and eight abdominal) separated by groups of spines with different shapes and sizes (Fig. 2a) . The cephalic region has a longitudinal line that divides the first segment into two lobes (Fig. 2b) . On each side, the domed-shaped antennae and the maxillary palp complex can be seen; the oral cristae are two elongated lines situated transversally to the cephalic region (Fig. 2b, c) . The dental sclerites have a fringe-like appearance, and the spines near the cephalic region are flattened, but near the thoracic segment are slender (Fig. 2c, d) . However, the spines between the other segments are all flattened (Fig. 2e ). An anterior spiracle is not visible in this larval instar. The posterior end of the first larval instar is blunt, but only anal tubercles are clearly visible, all the others are too small. A pair of posterior spiracles is located on this segment with two spiracular openings and strong muscles are visible (Fig. 2f) .
Second instar larvae
The body of the second instar larvae is similar in shape to the first instar (Fig. 3a) . The average size is 2.08±0.22 mm long and 368.62±65.11 μm wide. The cephalic region is more developed, and the antennae and maxillary palp complex are more visible (Fig. 3b, c) . The antennae are composed of three segments, and the five sensorial papillae form the maxillary palp complex (Fig. 3b, c) . The oral cristae are formed by a group of parallel laminar structures that are much more developed than those observed in the first instar larvae (Fig. 3b) . Dental sclerites still with a fringe-like appearance and the spines of the cephalic region are flattened but more robust (Fig. 3b, e) . The ventral organ is located at the oral cristae, below the maxillary palp complex (Fig. 3d) .
The anterior spiracle is composed of a row of 11-12 spiracular ramifications (Fig. 3f) . A pair of Keilin's organs is present, ventrally, at each thoracic segment (Fig. 3g) . The intersegmental spines are all flattened, as those observed on the first instar larvae. However, with this instar, besides the intersegmental spines, other bands of spines were observed at the abdominal segments (Fig. 3h) . These spines are smaller than those of the intersegmental band.
An opened peritreme is located on the top of a slight elevation. Two spiracular openings are sustained by strong spiracular muscles at the posterior spiracle (Fig. 3i) . 
Third instar larvae
The general aspect of the third larval instar is similar to the first and second instars, except for the size (average size is 10.86± 1.25 mm long and 1.62±0.49 mm wide) (Fig. 4a) . However, both the intersegmental spines and the other bands of spines of this instar were more developed (Fig. 4a, e) . The cephalic region is fully developed, and all the structures showed the same aspect as observed in the previous instar (Fig. 4b) . The papillae of the maxillary palp complex are more visible (Fig. 4c) . The spines at the cephalic region are varied, some are flattened with two or more tips and some are slender (Fig. 4d) . The intersegmental spines are flattened with two tips directed backwards, and the other bands of spines have a similar aspect, but are smaller and robust (Fig. 4e) . The intersegmental line is not complete at the abdominal segments six and seven.
The anterior spiracle is composed of a single row of 12 spiracular ramifications (Fig. 4f ). An opened peritreme is also located on the top of an elevation, but in a slight cavity surrounded by tubercles (Fig. 4g, h ). The ecdysial scar is absent, and the three spiracular openings have a radial orientation (Fig. 4h) .
Puparia
The puparia is blunt at the posterior end and pointed at the other end. The average size of the puparia is 4.92±0.62 mm long and 2.78±0.38 mm wide (Fig. 5a ). The cephalic region is retracted, and the anterior spiracle is at the most anterior point of the puparia (Fig. 5a-c) . No cephalic structures are visible in the puparia (Fig. 5b, c) . The anterior spiracle is composed of a row of 12 spiracular ramifications (Fig. 5d) . The integument is composed of rows of intersegmental spines with two tips, but these segments showed wrinkles different from the third instar larvae integument (Fig. 5e, f ).
An opened peritreme without a ecdysial scar was visible. The three spiracular openings had a radial orientation. Due to the cuticular sclerotization of the third instar larvae to give origin to the puparia, the peritreme is not located in a cavity (Fig. 5g) .
Discussion
Calliphoridae species are very similar, both adults and the immature forms. C.macellaria was described by Florez and Wolff (2009) using light microscopy and by Liu and Greenberg (1989) who used scanning electron microscopy. However, all these authors only focused on the general aspects of some features. Cochliomyia hominivorax is the only cogenera species described since this fly is important as a myiasis agent (d 'Almeida and Lopes 1983; Erzinclioglu 1989; Leite and Guevara 1993; Szpila et al. 2014; Zumpt 1965) . Fig. 2 Scanning electron micrographs of a first instar larvae of Cochliomyia macellaria (Diptera: Calliphoridae). a Larval body composed of groups of spines located between the segments (arrows) and the anterior (ae) and posterior ends (pe) of larval body; cephalic spines (dashed arrow) (×80). b Cephalic region with dental sclerites (ds), oral cristae (oc), and cephalic spines (s) (×500). c Detail of cephalic region with antennae (a), maxillary palp (mp, arrows), dental sclerites (ds), oral cristae (oc), and cephalic spines (s) (×800). d Cephalic spines (s) between the first segment, the oral cristae (oc), and thoracic region (×700). e Spines between the thoracic and abdominal segments (×650). f Anal segment with anal tubercles and posterior spiracles (ps) (×250); detached: posterior spiracle with two spiracular openings (arrows) (×700) However, according to Guimarães and Papavero (1999) , there have been some misidentifications in myiasis caused by C. hominivorax and C. macellaria.
Eggs of C. macellaria are ellipsoids and the dorsal surface is concave, like other fly eggs (Hinton 1981) . Liu and Greenberg (1989) reported that the median area of C. macellaria extended to less than half of the micropyle. This arrangement was also observed for C. macellaria eggs collected in Brazil. However, this characteristic is not enough to distinguish this specie since this feature is common to other fly species (Erzinclioglu 1989; Peterson and Newman Junior 1991; Mendonça et al. 2008; Sukontason et al. 2004a, b) .
The chorionic structure of C. macellaria eggs is very similar to C. hominivorax and Chrysomya megacephala. Peterson and Newman Junior (1991) reported the decreased size of the polygonal imprints of the chorionic cells observed in C. hominivorax. Comparing the screwworm fly eggs, of C. macellaria, all chorionic cells have the same size. Mendonça et al. (2008) described the islands inside the median area without anastomosis only for C. megacephala, as observed by us in C. macellaria. However, those authors did not report any perforations in the blowfly eggs, but holes were clearly visible in the screwworm eggs. The combination of these characteristics could be used to distinguish between the eggs of the different Calliphoridae species.
Eggs are very similar and sometimes there is not any diagnostic feature to identify them (Erzinclioglu 1989) . Meanwhile, larvae can offer more diagnostic characteristics than eggs.
Calliphorids are similar, both adults and immature, comparing Neotropical and Neartic species (Queiroz et al. 1997; Mendonça et al. 2012a Mendonça et al. , b, 2010 Sukontason et al. 2004a, b) . Fig. 3 Scanning electron micrographs of a second instar larvae of Cochliomyia macellaria (Diptera: Calliphoridae). a Larval body composed of groups of spines located between the segments (arrows) and the anterior (ae) and posterior ends (pe) of larval body (×60). b Cephalic region with antennae (a), maxillary palp (mp), dental sclerites (ds), oral cristae (oc), and cephalic spines (s) (×400). c Detail of cephalic region with antennae (a) and maxillary palp (arrows) (×1,500). d Ventral organ (arrow) next to maxillary palp complex (mp) (×700). e Cephalic spines (s) between the cephalic region and the first thoracic segment (×1,200). f Anterior spiracle (×900). g Keilin's organ (×5,500). h Intersegmental spines (arrows) and band of spines (dashed arrows) (×190). i Anal segment with anal tubercles and posterior spiracles (ps) (×190); detached: posterior spiracle with two spiracular openings (arrows) (×500)
The antennae or the dorsal organ presented a domed shape; the terminal organ or maxillary palp complex formed by five papillae and ventral organ are typically observed for the Chrysomya species, Musca domestica, and C. hominivorax (Leite and Guevara 1993; Mendonça et al. 2008; Szpila et al. 2014; Szpila and Pape 2008) .
In the screwworm C. macellaria, the anterior spiracle is composed of a row of 11-12 spiracular ramifications. Liu and Greenberg (1989) did not describe this structure for C. macellaria; Leite and Guevara (1993) stated nine openings in C. hominivorax. Therefore, the number of spiracular openings could be used to distinguish among these Cochliomyia species.
Florez and Wolff (2009) described the spines of the cephalic region as strongly pigmented, and they presented one or two tips. The spines of the cephalic region are pointed backwards, flattened, and robust, but some spines showed three or more tips and some were slender. Szpila et al. (2014) and Leite and Guevara (1993) related very robust spines with single or double tips for C. hominivorax. Florez and Wolff (2009) also observed an extra band of spines at abdominal segments of C. macellaria, but these authors did not make any distinction among the spines. The spines of the extra band are smaller and more robust than those of the intersegmental band. This structure is also visible in C. hominivorax (Szpila et al. 2014) .
According to Guimarães and Amorim (2006) , the number of spiracular openings at the posterior spiracle helps to identify the larval instar. However, for the genus Cochliomyia, this statement is only partially true. For the first and second larval instars of C. macellaria, two spiracular openings were observed. For the third instar and puparia, three spiracular openings were observed, as expected. The same was observed by Leite and Guevara (1993) for C. hominivorax. The other authors who have studied both species did not mention this feature. Fig. 4 Scanning electron micrographs of a third instar larvae of Cochliomyia macellaria (Diptera: Calliphoridae). a Larval body composed of groups of spines located between the segments (arrows), band of spines (dashed arrows), anterior (ae) and posterior ends (pe) of larval body, anterior spiracle in an ellipse (×30). b Cephalic region with antennae (a), maxillary palp (mp), buccal hook (bh), oral cristae (oc), dental sclerites (ds), and cephalic spines (s) (×200). c Detail of cephalic region with antennae (a) and maxillary palp (arrows) (×800). d Cephalic spines (s) between the cephalic region and the first thoracic segment (×350). e Intersegmental spines (arrows) and band of spines (dashed arrows) (×75). f Anterior spiracle (as) (×270). g Anal segment with anal tubercles and posterior spiracles (ps) (×50). h Posterior spiracle with three spiracular openings (arrows) (×95) So, as said before, for the immature forms of C. macellaria, there is no single characteristic that can distinguish them neither from among the genus Cochliomyia nor from the other Calliphoridae. The general aspect and number of tips on the spines of the cephalic region, the bands of intersegmental spines, and the number of spiracular openings combined are the main characteristics to identify C. macellaria. Fig. 5 Scanning electron micrographs of a puparia of Cochliomyia macellaria (Diptera: Calliphoridae). a Ventral view of puparia, blunt posteriorly (right), and pointed anteriorly (left); anterior spiracle (arrow) and spines between the segments (s) (×23). b Cephalic region with anterior spiracle (arrow), dental sclerites (ellipse), and spines (s) (×70). c Frontal view of cephalic region with anterior spiracle (arrow), dental sclerites (ellipse), and spines (s) (×60). d Frontal view of anterior spiracle (arrow) (×170). e Spines between the segments (s) (×37), f Details of spines between the segments (s) (×150). g Posterior spiracle with three spiracular openings (arrows) (×60) the use of the scanning electron microscope. This work was supported by grants from Instituto Oswaldo Cruz (IOC/FIOCRUZ), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ), and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES).
